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Abstract 
Detailed radiation modeling in piston engines has received relatively little attention to date. Recently, it 
is being revisited in light of current trends towards higher operating pressures and higher levels of exhaust- 
gas recirculation (EGR), both of which enhance molecular gas radiation. Advanced high-efficiency engines 
also are expected to function closer to the limits of stable operation, where even small perturbations to the 
energy balance can have a large influence on system behavior. Detailed radiation modeling using sophisti- 
cated tools like photon Monte Carlo/line-by-line (PMC/LBL) is computationally expensive. Here, guided by 
results from PMC/LBL, a simplified stepwise-gray spectral model in combination with a first-order spherical 
harmonics (P1 method) radiative transfer equation (RTE) solver is proposed and tested for engine-relevant 
conditions. Radiative emission, reabsorption and radiation reaching the walls are computed for a heavy-duty 
compression-ignition engine at part-load and full-load operating conditions with different levels of EGR and 
soot. The results are compared with those from PMC/LBL, P1/FSK (P1 with a full-spectrum k -distribution 
spectral model) and P1/Gray radiation models to assess the proposed model’s accuracy and computational 
cost. The results show that the proposed P1/StepwiseGray model can calculate reabsorption locally and glob- 
ally with less than 10% error (with respect to PMC/LBL) at a small fraction of the computational cost of 
PMC/LBL (a factor of 30) and P1/FSK (a factor of 15). In contrast, error in computed reabsorption by the 
P1/Gray model is as high as 60%. It is expected that the simplified model should be broadly applicable to 
high-pressure hydrocarbon–air combustion systems, with or without soot. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
Keywords: Radiation modeling; Stepwise-gray spectral model; Compression-ignition engine ∗ Corresponding author. 
E-mail addresses: cxp484@psu.edu , 
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1540-7489 © 2018 The Combustion Institute. Published by Elsev1. Introduction 
Conventional wisdom has been that radiation 
can account for a significant fraction of the to- 
tal heat losses in very large bore, heavy-duty 
diesel engines, and that radiation was of secondary ier Inc. All rights reserved. 
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 mportance in road-vehicle-scale (cars and trucks)
ngines [1] . Few in-cylinder CFD modeling studies
ave considered radiative heat transfer, and only a
ubset of those has considered radiatively partici-
ating medium effects by solving a radiative trans-
er equation (RTE); exceptions are [2–5] . 
In the meantime, higher operating pressures and
igher levels of exhaust-gas recirculation (EGR) in
dvanced high-efficiency engines make molecular
as radiation (absorption coefficient proportional
o participating species concentration) more promi-
ent. Recent applications of high-fidelity spectral
adiation models in engines [6,7] (including pho-
on Monte Carlo/line-by-line – PMC/LBL – and
ull-spectrum k -distribution – FSK) show that ra-
iation redistributes energy (through reabsorption)
n the combustion chamber, in addition to con-
ributing to heat losses. Soot emits over a broad
avenumber spectrum, while gas molecules emit
ver discrete wavenumber bands. It is therefore nec-
ssary to account for spectral properties of the
edium using detailed radiation models to accu-
ately compute reabsorption. It has been found that
O 2 dominates the total radiative emission in en-
ines, but most of the emitted CO 2 radiation is re-
bsorbed before reaching the walls. On the other
and, most soot radiation reaches walls, but for the
evels of soot in modern engines, H 2 O dominates
adiation reaching walls [6,7] . 
Detailed radiation models like PMC/LBL and
SK are very powerful and provide useful insight,
ut are computationally expensive. It is desirable
o have a less computationally intensive model that
aptures the essential redistribution of in-cylinder
nergy and radiative heat loss and that can be used
n routine engineering CFD for engine develop-
ent/design. 
In this paper, we exploit what we have learned
rom PMC/LBL [6,7] to propose a simple stepwise-
ray model for spectral radiative heat transfer in
ngines (and other high-pressure hydrocarbon–air
ombustion systems) that gives results that are
ithin 10% of those from a high-fidelity spectral
adiation model at a small fraction of the computa-
ional cost. Key features to capture are broadband
oot radiation and two key spectral bands for CO 2 -
nd H 2 O-dominated molecular gas radiation.
hese are bands at which the system is relatively op-
ically thick at engine-relevant pressures, so we ex-
ect that a simple radiative transfer equation (RTE)
olver (a P1 method [8] ) should be satisfactory. 
. Physical model and numerical methods 
.1. Radiation modeling 
An up-to-date review of the theory and ap-
lications of radiative heat transfer in turbu-
ent combustion systems can be found in [9] . In
ngines, principal participating species are CO 2 ,H 2 O and CO along with soot (particulate mat-
ter). Spectral properties of CO 2 , H 2 O and CO
are obtained from the HITEMP2010 [10] database
for pressures from 0.1 bar to 80 bar, tempera-
tures from 300 K to 3000 K, and for various
mole fractions of the participating species. Sim-
ple pressure-based scaling is used to extrapolate
to higher pressures, where needed. The spectral
absorption coefficient for soot is evaluated using
the small-particle limit (Rayleigh theory) [8] with
the complex index of refraction from [11] ; scat-
tering is neglected. Spray radiation is negligible
for the conditions that are of interest here [9] .
From the spectral molecular-gas databases and
the presumed soot radiation properties, a hierar-
chy of spectral models is constructed. These range
from full line-by-line (LBL), to high-fidelity full-
spectrum k -distributions (FSK), to gray-gas mod-
els with Planck-mean absorption coefficients [8] .
Along with these, in this study a new stepwise-gray
spectral model is proposed ( Section 2.2 ) that pro-
vides results within 10% of those from high-fidelity
models at a fraction of the computational cost, un-
der engine-relevant conditions. 
Multiple RTE solvers have been implemented
to calculate the local radiative intensity in situa-
tions where reabsorption is important. These in-
clude the stochastic photon Monte Carlo (PMC)
method where no intrinsic assumptions are in-
voked regarding the directional distribution of 
radiative intensity, spherical-harmonics methods
(SHM), and discrete-ordinates methods (DOM)
[8,9] . In the lowest-order SHM implementation (the
P1 method), a single elliptic PDE must be solved
(see below). While DOM and variants probably
have been used more widely than the others in com-
bustion applications, recent work has shown that
SHM methods (P1, P3, etc.) provide a more fa-
vorable tradeoff between computational effort and
accuracy as one goes to higher-order implementa-
tions [12] . 
PMC/LBL provides a benchmark against which
the performance of simpler RTE solvers and/or
spectral models can be compared. The intent of 
this work is to compare the accuracy and compu-
tational cost of the proposed stepwise-gray spec-
tral model, in combination with a P1 RTE solver
(P1/StepwiseGray), against PMC/LBL, P1/FSK
and P1/Gray models (in order of decreasing com-
putational cost and accuracy). 
2.2. Stepwise-gray spectral model 
A stepwise-gray model is a simple and con-
venient wide-band spectral model where the en-
tire wavenumber spectrum is divided into discrete
bands, and an average absorption coefficient is cal-
culated for each band. Various forms of stepwise-
gray spectral models have been used to solve non-
gray radiation problems [13–16] . 
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Fig. 1. Stepwise-gray model bands. Here κη and I b η are 
the absorption coefficient and blackbody intensity at 
wavenumber η . For gas species, κη is calculated using 
unity mole fraction. For soot, κη is calculated using soot 
volume fraction of 10 −5 (10 ppm). Here κηI b η is plotted 
for pressures from 1 bar to 80 bar and temperatures from 
300 K to 3000 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1 shows the product of the spectral ab-
sorption coefficient κη and the Planck function I b η
over a range of engine-relevant pressures and tem-
peratures for three participating molecular gases
and for soot particles. CO 2 has a strong emission
peak at approximately 2300 cm -1 (4.3 μm), and
there is a strong overlap of CO 2 and H 2 O emis-
sion spectra near 3700 cm -1 (2.7 μm). Other emis-
sion peaks are relatively small compared to these
two. Hence, the idea behind the proposed model is
to divide the wavenumber spectrum into five bands,
giving special attention to these two peaks ( Fig. 1 ),
and then to solve the RTE’s assuming constant ab-
sorption coefficient (calculated by Planck-function
weighted averaging [8] ) in each of the bands. 
In modern engines the in-cylinder soot volume
fraction typically remains under 10 ppm [17,18] ,
and at engine-relevant temperatures the radiative
emission from soot occurs mainly in band b5 of 
Fig. 1 . In this case, it is clear from Fig. 1 that radia-
tive emission from molecular gases should be more
important than radiative emission from soot. 
For each band, the Planck-mean absorption co-
efficient ( ˜  κi ) and average black-body intensity ( ˜  I bi )
are calculated using the following equations respec-
tively: 
˜ κi = 
∫ 
ηi 
κηI bηdη∫ 
ηi 
I bηdη
, i = 1 , 2 , . . . , 5 , (1)
˜ I bi = 1 
ηi 
∫ 
ηi 
I bηdη, i = 1 , 2 , . . . , 5 . (2)
Here subscript i corresponds to one of the fiv e
bands. For example, ηi is the bandwidth (in units
of wavenumber) of the i ’th band. 
A key feature of the proposed model is the
use of a simple P1 RTE solver. This essentiallyassumes local isotropy of the radiative intensity dis- 
tribution. Radiative intensity then evolves accord- 
ing to an elliptic equation, with a local diffusivity 
that is proportional to the inverse of the local ab- 
sorption coefficient. This is a reasonable approxi- 
mation for relatively optically thick systems, such 
as high-pressure hydrocarbon–air combustion sys- 
tems where CO 2 and H 2 O radiation dominate. The 
validity of using P1 for in-cylinder radiation in en- 
gines is confirmed in the results presented later. The 
P1 RTE equation (neglecting scattering) is solved 
for each band: 
∇ . 
( 1 
˜ κi 
∇ G i 
)
− 3 ˜  κi G i = −12 π ˜ κi ˜  I bi , (3) 
where ˜ κi is the sum of the absorption coefficients for 
all participating species and soot, subject to Mar- 
shak’s boundary condition [8] , 
2 − 

2 
3 ˜  κi 
ˆ n. ∇G i + G i = 4 π ˜ I bwi . (4) 
Here G i is the incident radiation for band i , 
is the wall emissivity, ˆ n is the surface normal vec- 
tor and ˜ I bwi is the average blackbody intensity at the 
wall temperature for band i . In this work, walls are 
considered to be black (  = 1 ). The radiative heat 
flux is then calculated as: 
∇. q = 
5 ∑ 
1 
˜ κi (4 π ˜ I bi − G i )ηi . (5) 
Five RTE’s need to be solved for the proposed 
P1/StepwiseGray model, compared to a single RTE 
for the P1/Gray model. 
To implement the model, a table of ˜ κi ’s is cal- 
culated for each gas species (CO 2 , H 2 O and CO) 
considering unity mole fraction at nine pressures 
(1 bar, then 10–80 bar in steps of 10 bar) and 28 
temperatures (300 K to 3000 K in steps of 100 K). 
Bandwise-average blackbody intensity ( ˜  I bi ) and ˜ κi ’s 
for soot (considering unity soot volume fraction) 
are also pre-tabulated at 28 temperatures. In a CFD 
simulation, local values of κ i and ˜ I bi are interpo- 
lated from these tables. 
2.3. Numerical methods 
Here the proposed P1/Stepwise-gray radiation 
model is assessed in a post-processing mode (one- 
way coupling), where there is no radiative source 
term feedback to the CFD solver through the en- 
thalpy equation. That is, radiative emission, reab- 
sorption and radiation reaching the walls are com- 
puted using fields of participating molecular gases, 
soot and temperature from earlier engine simula- 
tions that did not use a radiation model ( Section 3 ). 
This allows a cleaner comparison of the different 
radiation models over a wide range of conditions. 
For the cases considered here, the global influence 
of radiation on computed wall heat loss and on NO 
and soot emissions is less than 10%. It has been 
4620 C. Paul et al. / Proceedings of the Combustion Institute 37 (2019) 4617–4624 
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 onfirmed that the key findings do not change with
onsideration of feedback of radiation to the CFD
imulation (Table S2 of the Supplemental Mate-
ial). 
An unsteady Reynolds-averaged formulation
s used for the engine simulations, with a stan-
ard two-equation turbulence model including
all functions, and conventional stochastic-
agrangian-parcel fuel injection and spray models
using n-heptane liquid fuel properties). A 42-
pecies chemical mechanism (40-species n-heptane
19] , plus two additional species for thermal NO)
s used to represent the gas-phase chemistry, and
 semi-empirical two-equation model is used for
oot [20] . 
Gas-phase chemistry and soot are calculated at
he notional particle level in a particle-based trans-
orted probability density function (tPDF) method
21] that accounts for turbulent fluctuations with
espect to local mean values (turbulence–chemistry
nteractions – TCI). The models are essentially the
ame as those that were used in an earlier mod-
ling study for a heavy-duty diesel engine [22] .
here it was shown that the tPDF-based model
ave better agreement with experimental measure-
ents compared to a locally well-stirred-reactor
WSR) model over a range of operating condi-
ions, especially for soot. In the radiation calcula-
ions, local cell-mean values of composition and
emperature are used, thereby neglecting the influ-
nces of unresolved turbulent fluctuations on ra-
iation (turbulence-radiation interactions – TRI).
RI effects have been found to be small at these
onditions [6,7] . It has been confirmed that the key
ndings do not change when a simpler turbulent
ombustion model (WSR) is used (Table S1 of the
upplemental Material). 
. Engine configuration and operating conditions 
A simplified model of a Volvo 13L produc-
ion six-cylinder heavy-duty diesel truck engine has
een built using OpenFOAM v2.3.x [23] , and sim-
lations have been performed for four operating
onditions ( Table 1 ). Here EGR is modeled by ap-
ropriate mass fractions of CO 2 and H 2 O. For no-
GR cases, the O 2 mass fraction is kept the same as
or the corresponding EGR case, and the rest of the
n-cylinder gas is prescribed as N 2 . The engine con-
guration (15.8:1 compression ratio, 1213 r/min,
.3 swirl ratio) is same as that in an earlier model-
ng study [22] . Simulations begin after intake-valve
losure at 60 o before top-dead-center (bTDC), and
ontinue until 120 o after top-dead-center (aTDC):
hat is, before exhaust-valve opening. A 60-degree
ector mesh with 85,650 cells is used, centered
n one of the six spray plumes, with cyclic sym-
etry conditions on the lateral faces. A compu-
ational time step of 3.4 μs (0.025 crank-angle-
egree – CAD) is used, in all cases. For radiationpost-processing, the solution fields (pressure, tem-
perature, gas species concentrations and soot) are
saved every 2.5 CAD. The peak pressure for the
part-load and full-load EGR operating conditions
are approximately 85 bar and 200 bar, respectively
[22] . 
4. Results and discussion 
Results are presented for two levels of in-
cylinder soot. First, the “normal” engine operating
conditions ( Table 1 ) are explored. For these cases,
computed engine-out soot levels closely match the
experimentally measured values [22] . The com-
puted maximum local (volume-averaged) soot vol-
ume fractions for the four operating conditions are:
3.3 ppm (0.14 ppm) for part-load EGR; 8.0 ppm
(0.25 ppm) for full-load EGR; 5.2 ppm (0.14 ppm)
for part-load no-EGR; and 10 ppm (0.33 ppm) for
full-load no-EGR. 
Second, for the EGR cases ( Table 1 ), the com-
puted soot volume fraction in each computational
cell is multiplied by a factor of 100. The intent is
to assess the performance of the P1/Stepwise-gray
model for environments where the contribution of 
soot radiation is not negligible. The factor of 100 is
somewhat arbitrary, but is sufficiently high to cover
the levels of soot that would be expected in any en-
gine or other combustion device. 
4.1. Normal engine operating conditions 
Computed cumulative radiative emission, reab-
sorption and radiation reaching walls for part-load
EGR and no-EGR operating conditions are shown
as functions of crank-angle degrees in Fig. 2 , and
the final values for all four cases are tabulated in
Table 2 . To simplify the plots, P1/FSK results are
not shown there, but P1/FSK results are tabulated
in Table 2 . The computed radiative emission is
essentially identical for all four radiation models.
This is expected, as the same underlying spectral
database has been used for all models and there is
no feedback of radiation to the CFD. 
Turning to reabsorption, P1/FSK is within ap-
proximately 1% of PMC/LBL in all cases. This
confirms the appropriateness of using the P1 RTE
solver. The maximum error in computed reabsorp-
tion by the P1/Gray model is as much as 61% for
the part-load no-EGR case. For the same oper-
ating condition, the P1/StepwiseGray model error
is only 8%. The P1/StepwiseGray model predicts
reabsorption with significantly better accuracy in
comparison to the P1/Gray model, and within 10%
of PMC/LBL for all operating conditions. This il-
lustrates the importance of accounting for spectral
radiation properties, and demonstrates the validity
of the specific spectral model proposed here. 
The differences in bandwise reabsorption
among PMC/LBL, P1/StepwiseGray and P1/Gray
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Table 1 
Initial conditions and fuel-injection parameters for four engine operating conditions. SOI: Start of injection ( o aTDC); 
EOI: End of injection ( o aTDC). 
EGR No-EGR 
Part-load Full-load Part-load Full-load 
Initial pressure and temperature: 
p (bar) 5.65 14.28 5.65 14.28 
T (K) 540.9 560.9 540.9 560.9 
Initial composition (% mass): 
O 2 18.68 18.84 18.68 18.84 
N 2 75.72 75.75 81.32 81.16 
H 2 O 4.06 3.92 0.0 0.0 
CO 2 1.54 1.49 0.0 0.0 
Fuel injection parameters: 
SOI −2.8 o −4.6 o −2.8 o −4.6 o 
EOI 3.5 o 16.8 o 3.5 o 16.8 o 
Mass (mg) 13 47 13 47 
Fig. 2. Cumulative radiative emission, reabsorption and radiation reaching walls as functions of crank angle degrees. (a) 
Part-load with EGR. (b) Part-load with no-EGR. 
Table 2 
Total radiative emission, reabsorption and radiation reaching walls. Total fuel energy and turbulent boundary-layer wall 
heat loss are also given. All values are for the 1/6 sector mesh, from intake-valve closing to exhaust-valve opening. The (%) 
in the reabsorption column is the percent difference with respect to PMC/LBL. 
Case Fuel BL wall Radiative Radiation Radiative Radiation 
energy (J) heat loss (J) emission (J) model reabsorption (J) reaching walls (J) 
Part-load 572 82.0 27.3 PMC/LBL 22.1 5.2 
EGR P1/FSK 22.1 (0%) 5.2 
P1/Gray 11.9 (46%) 15.4 
P1/StepwiseGray 20.7 (6.3%) 6.6 
Full-load 2068 232.6 107.3 PMC/LBL 94.2 13.1 
EGR P1/FSK 94.9 (0.7%) 13.3 
P1/Gray 74.0 (21.4%) 33.2 
P1/StepwiseGray 91.0 (3.4%) 16.3 
Part-load 572 84.8 20.5 PMC/LBL 15.8 4.6 
no-EGR P1/FSK 15.6 (1.4%) 4.8 
P1/Gray 6.2 (60.7%) 14.2 
P1/StepwiseGray 14.6 (7.9%) 5.9 
Full-load 2068 234.1 81.0 PMC/LBL 68.8 12.3 
no-EGR P1/FSK 68.0 (1.2%) 13.0 
P1/Gray 46.2 (32.9%) 34.8 
P1/StepwiseGray 66.1 (4.0%) 15.0 
4622 C. Paul et al. / Proceedings of the Combustion Institute 37 (2019) 4617–4624 
Fig. 3. Cumulative bandwise reabsorption for PMC/LBL, P1/StepwiseGray and P1/Gray models. (a) Part-load with EGR. 
(b) and (c) Full-load with EGR. 
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 re explored in Fig. 3 . It is evident from Fig. 3 a
nd b that band b2 (4.3 μm band) is responsible for
ost of the reabsorption. The P1/StepwiseGray
odel predicts band b2 reabsorption quite accu-
ately. Most of the discrepancies in reabsorption
etween P1/StepwiseGray and PMC/LBL are in
ands b1 and b4; bands b3 and b5 contribute little
o reabsorption. Band b1 is wider than bands b2
nd band b4 ( Fig. 1 ). Several small peaks of H 2 O
bsorption coefficient in band b1 are smoothed
ut by the averaging ( Eq. 1 ), and that causes the
iscrepancy in band b1. In band b4, H 2 O emission
pans from 3150 cm −1 to 4050 cm −1 , while CO 2
mission spans from 3400 cm −1 to 3800 cm −1 .
ence there is significant smoothing of the CO 2 
bsorption coefficient due to averaging, and that
auses the discrepancy in band b4. To improve the
ccuracy, the number of bands could be increased
o take into account other individual peaks. Here
o keep the method simple and computationally
nexpensive, only fiv e bands are considered. 
Figure 3 (c) shows bandwise reabsorption for
he P1/Gray model. Here the reabsorption amount
s simply proportional to the bandwidth. Hence
and b5 reabsorbs the most and band b2 the
east, and the absorption differs significantly
rom the PMC/LBL results. In that respect, the
1/StepwiseGray model captures the essential char-
cteristics of the spectral reabsorption distribution
uite accurately. 
.2. Increased soot operating condition 
For the four engine operating conditions consid-
red, molecular gas radiation dominates. It is of in-
erest to assess how well the proposed stepwise-gray
odel performs under conditions where soot radi-
tion is more prominent. To that end, the computed
oot volume fraction is increased by a factor of 100
uring radiative post-processing for the part-load
nd full-load EGR cases. Results for the part-load
ase are plotted in Fig. 4 , and results for both cases
re summarized in Table 3 . With the higher level
f soot radiation, the P1/Gray model performssomewhat better than before (maximum error of 
approximately 40% with respect to PMC/LBL for
the part-load no-EGR case – not shown), but the
P1/StepwiseGray model continues to outperform
P1/Gray with a maximum error of approximately
10%. 
Figure 4 (b) shows the bandwise reabsorption for
a high-soot case. Soot radiation dominates in band
b5, and band b5 now contributes significantly to re-
absorption. However, most of the soot has oxidized
after approximately 45 o aTDC, and the contribu-
tion of band b5 then becomes negligible. 
Figure 5 shows computed contours of the local
reabsorption at 12.5 o aTDC for the full-load EGR
case with normal and increased soot. Results from
PMC/LBL, P1/StepwiseGray and P1/Gray mod-
els are shown. Here 12.5 o is chosen because it is
close to the instant when in-cylinder pressure, tem-
perature and soot are at their peak values. Hence
radiative emission and reabsorption are expected
to be especially prominent, including interaction
between molecular gas radiation and soot radia-
tion. The P1/StepwiseGray model’s local reabsorp-
tion contour matches the PMC/LBL contour quite
closely, in contrast to the P1/Gray model. There-
fore, the P1/Gray model gives significant errors in
local radiation fields, in addition to global errors in
computing reabsorption. In a coupled run, these er-
rors may build over time and eventually lead to sig-
nificant differences in local temperature and other
flow variables. 
4.3. Computational cost 
Finally, the computational cost of the different
radiation models in coupled runs is tabulated in
Table 4 . These runs have been carried out for the
full-load EGR case with a WSR model, using 24
processors and a computational timestep of 3.4 μs
(0.025 CAD). The P1/StepwiseGray requires 3.0 h,
less than 10% of the time required for P1/FSK
(43 h) and approximately 3% of the time required
for PMC/LBL (96 h). This is a significant gain in ef-
ficiency, with less than 10% loss of accuracy. With
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Fig. 4. Comparisons among radiation models for high-soot part-load case with EGR. (a) Cumulative radiative emission, 
reabsorption, radiation reaching walls. (b) Cumulative bandwise reabsorption. 
Table 3 
Total radiative emission, reabsorption and radiation reaching walls for increased soot cases. 
Case Fuel BL wall Radiative Radiation Radiative Radiation 
energy (J) heat loss (J) emission (J) model reabsorption (J) reaching walls (J) 
Part-load 572 82.0 38.3 PMC/LBL 27.9 10.4 
EGR P1/FSK 26.6 (4.5%) 11.5 
P1/Gray 20.1 (28%) 18.2 
P1/StepwiseGray 25.5 (8.5%) 12.8 
Full-load 2068 232.6 135.5 PMC/LBL 112.8 22.9 
EGR P1/FSK 109.7 (2.7%) 25.4 
P1/Gray 100.9 (10.5%) 34.8 
P1/StepwiseGray 108.5 (3.8%) 27.5 
Fig. 5. Instantaneous reabsorption contours at 12.5 o 
aTDC on a cutting plane containing the injector axis for 
the normal (left) and high-soot (right) cases for the full- 
load EGR operating condition. 
Table 4 
Simulation time for coupled radiation runs for the full- 
load EGR case using a WSR model. The (%) after the 
radiation time is the percent of total simulation time re- 
quired for the radiation calculation. 
Total time (h) Rad. time (h) 
PMC/LBL 107.5 96.7 (90%) 
P1/FSK (16 RTE) 52.2 43.3 (80%) 
P1/Gray 10.5 0.25 (2%) 
P1/StepwiseGray 13.8 3.0 (22%) the P1 method, the computational effort is dom- 
inated by property lookups/interpolations for the 
nongray spectral models, rather than by the RTE 
solver. Hence the simulation time does not scale 
simply with the number of RTEs solved. The Gray 
property table is an order of magnitude smaller 
than the StepwiseGray table, which in turn is or- 
ders of magnitude smaller than the FSK table, so 
that memory locality on modern processors plays a 
significant role. 
5. Conclusions 
A P1/StepwiseGray radiation model is proposed 
and compared with simpler (P1/Gray) and more de- 
tailed (PMC/LBL and P1/FSK) radiation models 
for a diesel engine. In the stepwise-gray model, the 
wavenumber spectrum is divided into five bands, 
emphasizing the CO 2 peak at 4.3 μm and the 
strong CO 2 and H 2 O overlap at 2.7 μm. The P1 
RTE equation is solved for each band using the 
band’s Planck-mean absorption coefficient. Radia- 
tive emission and reabsorption are computed in 
a post-processing mode at part-load and full-load 
operating conditions with different levels of EGR 
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 nd soot. The results show that band b2 (around
.3 μm) is responsible for most of the reabsorption
nd that the P1/StepwiseGray model captures that
uite accurately. With higher soot, band b5 reab-
orption becomes important, and the model con-
inues to perform well. The results show that the
1/StepwiseGray model can compute reabsorption
or different engine-relevant operating conditions
ith less than 10% error, while the error for the
1/Gray model is as high as 60%. The computa-
ional cost of the P1/StepwiseGray model is ap-
roximately 15 times lower than that of P1/FSK
nd 30 times lower than that of PMC/LBL. Hence
he proposed P1/StepwiseGray model has great po-
ential to provide a computationally less expen-
ive alternative to detailed radiation models for
ngine relevant conditions. While the focus here
s diesel engines, it is expected that the model
hould be broadly applicable to other high-pressure
ydrocarbon-air combustion systems, with or with-
ut soot. 
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